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Abstract

Since the 1970s, the establishment and development of the biotech industry has improved exponen-

tially, allowing the commercial production of biopharmaceutical proteins. Nowadays, new recombi-

nant protein production is considered a multibillion-dollar market, in which about 25% of

commercial pharmaceuticals are biopharmaceuticals. But to achieve a competitive production pro-

cess is not an easy task. Any production process has to be highly productive, efficient and economic.

Despite that the perfect host is still not discovered, several research groups have chosen Pichia

pastoris as expression system for the production of their protein because of its many features. The at-

tempt of this review is to embrace several research lines that have adopted Pichia pastoris as their ex-

pression system to produce a protein on an industrial scale in the health care industry.
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Introduction

Recombinant protein industry

Over the last few decades, geneticists have learned

how to manipulate DNA to identify, move and place genes

into a variety of organisms that are quite different from the

source organism. Since the 1970s, the establishment and

development of the biotech industry has improved expo-

nentially, allowing the commercial production of industrial

enzymes and biopharmaceutical proteins. Since many pro-

teins are of immense commercial value, numerous studies

have focused on finding ways to produce them efficiently

and in a functional form (Macauley-Patrick et al., 2005;

Porro et al., 2011). In 1980, the FDA approved for clinical

use the recombinant insulin obtained from Escherichia

coli, becoming the first recombinant pharmaceutical pro-

tein to enter the market. Since then, the biotechnology in-

dustry has grown substantially, and currently about 25% of

commercial pharmaceuticals are biopharmaceuticals (Mar-

tínez et al., 2012). Recombinant protein production is a

multibillion-dollar market, comprising biopharmaceuticals

and industrial enzymes. Global sales for biopharmaceutical

proteins reached US$87 billion in 2008, and are expected to

rise up to US$169 billion in 2014. In 2009, out of the 151

approved recombinant biopharmaceutical products in the

US and EU, 29 monoclonal antibodies contributed to more

than 40% of the revenues, followed by vaccines, TNF

blockers, hormones like insulins and erythropoietins (Porro

et al., 2011). But to achieve a competitive production pro-

cess is not an easy task. Any production process has to be

highly productive, efficient and economic. The develop-

ment of a new product or a new process usually begins with

the choice of an appropriate production host; in this respect

a comparative view on available expression hosts and their

respective production processes is worthwhile (Porro et al.,

2011).
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Expression systems

Industrial biotechnology has traditionally employed

numerous bacterial and eukaryotic organisms as production

platforms. Many microbial products have indeed been

available in the industrial biotechnology market for a long

time now. With the advent of recombinant DNA technol-

ogy, it has become possible, however, to introduce traits for

the production of desired compounds into non-natural pro-

ducers. Among microbial production, yeasts and bacteria

share beneficial features as single cell growth, easy cultiva-

tion on cheap media and easy genetic manipulation (Porro

et al., 2011). In general terms, bacteria have been consid-

ered to be the most efficient producers of heterologous pro-

teins due to several reasons. However, standard prokaryotic

systems have some limitations for production of human

proteins. For example, bacteria are unable to perform some

of the complex post-translational modifications (Ferrer-

Miralles et al., 2009), which itself represents a limitation,

since many proteins require further processing to become

fully active. In particular glycosylations that are needed to

ensure proper function and activity, by influencing proper

charge, solubility, folding, serum half live of the protein, in

vivo activity, correct cellular targeting and immuno-

genicity, among others, cannot be often be fully accom-

plished in bacterial systems (Walsh et al., 2006; De Pourcq

et al., 2010; Martínez et al., 2012). On the other hand fun-

gal expression systems, and in particular yeast, can grow in

relatively cheap and defined media, decreasing the produc-

tion costs. Besides, they are not so susceptible to contami-

nations and in addition, the yeast cells are less sensitive

since the wall makes them more resistant to shear stress

during the production process (De Pourcq et al., 2010;

Martínez et al., 2012). In this case, the review will focus in

one particular yeast; Pichia pastoris.

Pichia pastoris

The Pichia pastoris expression system is being used

successfully for the production of various recombinant

heterologous proteins (Rosenfeld et al., 1999; Macauley-

Patrick et al., 2005; Li et al., 2007). Recombinant protein

production in this yeast has several advantages over other

eukaryotic and prokaryotic expression systems: (1) rapid

growth rate, coupled with ease of high cell-density fermen-

tation; (2) high levels of productivity in an almost pro-

tein-free medium; (3) elimination of endotoxin and

bacteriophage contamination; (4) ease of genetic manipula-

tion of well-characterized yeast expression vectors; (5) ab-

sence of known human pathogenicity in the spectrum of

lytic viruses that prey on P. pastoris; (6) diverse posttrans-

lational modifications that include polypeptide folding,

glycosylation, methylation, acylation, proteolytic adjust-

ment, and targeting to subcellular compartments; and (7)

the ability to engineer secreted proteins that can be purified

from growth medium without harvesting the yeast cells

themselves (Li et al., 2007). All this features makes P.

pastoris a useful system for both basic laboratory research

and industrial manufacture. The fermentation can be

readily scaled up to meet greater demands, and parameters

influencing protein productivity and activity, such as pH,

aeration and carbon source feed rate, can be controlled

(Higgins and Cregg, 1998). Compared with mammalian

cells, Pichia does not require a complex growth medium or

culture conditions, is genetically relatively easy to manipu-

late, and has a eukaryotic protein synthesis pathway

(Macauley-Patrick et al., 2005). Also, protein purification

from P. pastoris is straightforward. The secreted and solu-

ble proteins can be directly recovered by clarification of the

P. pastoris culture media by centrifugation. Samples can be

concentrated and purified by subjecting the supernatant to

ultrafiltration, precipitation, and/or adsorption/elution

chromatography. The yield of secreted protein can be in-

creased dramatically during fermentation by utilizing mul-

tistage processes that sequentially scale up yeast from small

“starter cultures” in a non-fermenting fashion, increase bio-

mass by feed-batch fermentation and, finally, induce the

gene of interest (Cereghino et al., 2002).

The Pichia expression system has been widely used

to produce a variety of different heterologous proteins. The

wide range of promoters available, as well as selectable

markers, secretion signals, methods for coping with pro-

teases and a better understanding of glycosylation patterns,

have given researchers diverse means to achieve the pro-

duction of foreign proteins (Macauley-Patrick et al., 2005).

Despite that diverse proteins are expressed in different

types of industries, the focus in this review will be in the

Health Care Industry. The idea is to explore several exam-

ples of how Pichia pastoris is used as an expression system

to produce different kind of products, like antibodies and

vaccines. It is shown in Figure 1 the research lines that are

covered in this review that used P. pastoris as an expression

system for the healthcare industry.

Health Care Industry

Insulin production for diabetes

Nowadays, human insulin is produced as recombi-

nant protein, using two major routes. One route involves

the production of an insulin precursor in the form of inclu-

sion bodies, using E. coli as expression host with subse-

quent solubilization and refolding procedures. The other

route involves the utilization of yeast- based expression

systems, leading to the secretion of a soluble insulin precur-

sor (IP) into the culture supernatant. Both routes are eco-

nomically viable. The methylotrophic yeast Pichia pastoris

has emerged as a very useful expression host with superior

features (Gurramkonda et al., 2010). A synthetic insulin

precursor (IP)-encoding genem codon-optimazed for ex-

pression in P. pastoris, was cloned in frame with the

Saccharomyces cerevisiae �-factor secretory signal and in-

tegrated into the genome of P. pastoris strain X-33. The
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strain was grown to high-cell density in a batch procedure

using a defined medium with low salt and high glycerol

concentrations. Following batch growth, production of IP

was carried out at methanol concentrations of 2 g.L-1,

which were kept constant throughout the remaining pro-

duction phase. This robust feeding strategy led to the secre-

tion of ~3 gram IP per liter of culture broth (corresponding

to almost 4 gram IP per liter of cell-free culture super-

natant). Using immobilized metal ion affinity chromatogra-

phy (IMAC) as a novel approach for IP purification, 95% of

the secreted product was recovered with a purity of 96%

from the clarified culture supernatant. Finally, the purified

IP was trypsin digested, transpeptidated, deprotected and

further purified leading to ~1.5 g of 99% pure recombinant

human insulin per liter of culture broth (Gurramkonda et

al., 2010). This aproach increased the efficiency of the

insuline manufacture.

Hypoallergenic derivatives of Ole e1 for vaccine
development

In Spain they used a new strategy for the design of a

hypoallergenic derivative of Ole e1, the main allergen of ol-

ive pollen. It is one of the most important sources of allergy

in Mediterranean countries and some areas of America,

South Africa, Japan and Australia (Liccardi et al., 1996;

White and Bernstein, 2003). By screening a cDNA library

from birch pollen, the clone BB18, encoding the birch

counterpart of Ole e1, was identified. In the study of Mara-

zuela et al. (2012), BB18 was produced in Pichia pastoris

as a recombinant protein and immunologically character-

ized. The well-established non-allergenic properties of

BB18 were used to generate a genetic variant of Ole e1,

named OB55-58, by site-direct mutagenesis of four residues

(E55V56G57Y58) in an IgE/IgG epitope of Ole e1 by the

corresponding ones in BB18 (SDSE). (Marazuela et al.,

2012). Their results support the usefulness of BB18 for

both epitope mapping of Ole e1 and engineering hypo-

allergenic derivatives of this allergen as for example the

mutant OB55-58, which fulfills the requisites for a suitable

hypoallergenic molecule. One of the final steps that this

group need to do is to determine the best production and pu-

rification methods to became competitive in the hypo-

allergenic industry.

Tat-p53 protein as a treatment for cancer

P53 is an attractive target in molecular cancer thera-

peutics because of its critical role in regulating cell cycle ar-

rest and apoptosis. It is one of the most commonly mutated

tumor suppressor proteins in human cancers and plays a

prominent role in recognition and repair of DNA damage,

inhibition of malignant proliferation and cell transforma-

tion during cell growth (Moll et al., 2005). Although p53

has been transduced into cancer cells for therapy, the trans-

mission of p53 into the cell membrane is limited due to the

lack of the p53 ligand on membranes and its short half- life

(Willis and Chen, 2002). A new approach to overcome this

deficiency is to bind the protein or DNA molecule to a Tat

construct which contains a protein transduction domain and

therefore facilitates the penetration of tissue and cell mem-

brane via molecular covalently connection as a fusion pro-

tein to transduce the membrane (Talos et al., 2005). Many

experiments using this approach have been developed us-

ing the Escherichia coli expression system but none of

them have yet achieved ideal protein yields. Yan et al.

(2012) had better results using P. pastoris as an expression

system. They have, for the first time, a high-level expres-

sion of recombinant human Tat-p53. Under the optimal

conditions, 104 mg Tat-p53 was recovered from 2 l culture

medium. Tat-p53 was purified by > 87% purity. The trans-

duction of Tat-p53 fusion protein into tumor cells inhibited

of tumor cell growth with evident apoptosis.
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Production of scFv antibody fragments as potential
markers for angiogenesis

Pichia pastoris expression system was used to pro-

duce functionalized single-chain antibody fragments

(scFv) directed against the ED-B domain of the B-fibro-

nectin (B-Fn) isoform (Marty et al., 2001). Single-chain Fv

antibody fragments represent potential molecules for the

targeted delivery of drugs, toxins or radionuclides and for

coupling to liposomes for diagnostic and therapeutic appli-

cations. A scFv antibody fragment is an engineered anti-

body derivative that includes heavy- and light- chain

variable regions joined by a peptide linker. In this case, the

scFv antibody fragments recognizing the ED-B domain are

potential markers for angiogenesis. Fibronectin (Fn) is an

extracellular adhesion molecule that mediates interactions

between cells and extracellular matrix components. Fn is a

glycoprotein composed of two subunits joined by disulfide

bonds. The protein is involved in different biological pro-

cesses, such as establishment and maintenance of morphol-

ogy, cell migration, hemostasis and thrombosis, wound

healing, and oncogenic transformation (Zardi et al., 1987).

The B-Fn isoform with the ED-B oncofetal domain inserted

by splicing is present in the stroma of fetal and neoplasic

tissues and in adult and neoplastic blood vessels during

angiogenesis but it is not detectable in mature vessels

(Borsi et al., 1986; Kaczmarek et al., 1994). Therefore, the

ED-B isoform of Fn represents a promising marker for

angiogenesis in growing solid tumors. The group of Marty

et al. (2001) cloned the sequence for the �-ED-B scFv anti-

body fragments into the pPICZA� yeast vector containing

a signal peptide sequence needed for protein secretion, a

Zeocin resistance gene, and a flag-tag sequence that facili-

tates detection of the protein. They constructed four �-ED-

B scFv antibody fragments that were different in the num-

ber of cysteines and spacer length between the cysteines

and the sequence of the scFv antibody fragment. The cou-

pling efficiency of the fragments to small unilamellar lipo-

somes of 50 nm mean diameter gave an average of 30 scFv

molecules linked to one liposome for three of the constructs

(CM2, CM4, and CM5), whereas with the construct CM3

an average of 70 fragment molecules could be attached to

one liposome. The majority of the purified protein eluted at

150 mM NaCl and the yield was 5-20 mg/L culture medium

and the four scFv antibody fragments were concentrated to

0.5 mg/mL (Marty et al., 2001).

Functional expression of the human breast cancer
resistance protein

The group of Mao et al. (2004) has established a P.

pastoris expression system that is capable of producing

breast cancer resistance protein (BCRP) at a high level. The

system produced BCRP with functional characteristics

very similar to those of the protein expressed in mammalian

cells. BCRP is the second member of the subfamily G of the

large ABC transporter superfamily. BCRP is a half-

transporter (655 aa) consisting of only one NBD followed

by one MSD with six predicted transmembrane a-helices

(Doyle et al., 2003). Other studies suggest that BCRP may

form homotetramers in the plasma membrane (Xu et al.,

2004) and has a role in resistance to chemotherapeutic

agents (Mao et al., 2004). They constructed the expression

vector pHIL-BCRP-His10 containing BCRP cDNA and

used it to transform the P. pastoris strain KM71. To facili-

tate future protein purification, a 10-histidine tag was at-

tached to the COOH-terminus of BCRP. The basal BCRP

ATPase activity in the yeast membranes was approxi-

mately 40-80 nmol Pi/min/mg protein, which can be modu-

lated by known BCRP substrates and inhibitors. The Km

and Vmax values of BCRP for [3H]E1S transport were 3.6 �

0.3 �M and 55.2 � 1.6 pmol/min/mg protein, respectively.

This efficient and cost-effective expression system should

facilitate large-scale production and purification of BCRP

for further structural and functional analyses. All these data

suggest that BCRP expressed in P. pastoris can form a sta-

ble transition-state complex with nucleotide and vanadate,

which in turn indicates that BCRP expressed in P. pastoris

is fully functional inhydrolyzing ATP (Mao et al., 2004).

Vaccine production for Human Papillomavirus

Human papillomavirus (HPV) infection is the most

common sexually transmitted disease in the world and is re-

lated to the etiology of cervical cancer. The most common

high-risk HPV types are 16 and 18 (Coimbra et al., 2011).

To date, two prophylactic HPV vaccines are on the market,

GardasilTM (Merck) and CervarixTM (Glaxo-SmithKline).

Studies have shown that these vaccines are safe, well toler-

ated and highly immunogenic. However, these vaccines are

still inaccessible to the majority of the population in eco-

nomically disadvantaged regions. The commercial HPV

vaccines cost at least US$360 for one person (three doses),

an amount that is much higher than the annual per capita

health expenditure of less developed countries. Therefore,

there is a great need for other strategies for the production

of cheaper HPV vaccines that could be provided by public

health programs, allowing a greater penetration into these

communities (Bazan et al., 2009). New vaccine strategies

against HPV have shown that virus-like particles (VLP) of

the major capsid protein (L1) induce efficient production of

antibodies, which confer protection against the same viral

type (Coimbra et al., 2011). It was recently demonstrated

that P. pastoris could produce the HPV-16 L1 protein by

using an episomal vector associated with the optimized L1

gene. However, the use of an episomal vector is not appro-

priate for protein production on an industrial scale. It is

known that for large-scale production episomal vectors

would not be advantageous since the transformed yeast can

lose these vectors after successive mitotic divisions be-

cause they are not integrated into the genome and thus can

be lost in the absence of selection pressure. The need of an-
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tibiotics for the maintenance of these clones raises the costs

of production and may disagree with the rules imposed by

regulatory agencies (Sreekrishna et al., 1997). Thus, to be

able to produce the L1 protein on an industrial scale (vac-

cine production) it is important to obtain stable clones ex-

pressing the L1 gene and a manner to do this is to use

integrative vectors. In addition, the use of an integrative

vector may favor the integration of more than one copy of

the heterologous gene, which in many cases increases pro-

tein production (Clare et al., 1991). In Coimbra et al., 2011

studies, they integrated the vectors into the P. pastoris ge-

nome and the results were positive for L1 gene transcrip-

tion and protein production, both intracellularly and in the

extracellular environment. The problem was that their re-

sults suggest a low yield of L1 recombinant protein, but

they admitted that they could still do better in the yield opti-

mization process. The achievement of stable clones con-

taining the expression cassettes integrated in the genome

may permit optimizations that could enable the establish-

ment of a platform for the production of VLP-based vac-

cines (Coimbra et al., 2011).

Development of a drug for Atherosclerosis

Atherosclerosis, the major cause of many cardiovas-

cular diseases, is a chronic inflammatory condition. Lipo-

protein-associated phospholipase A2 (Lp-PLA2) plays a

crucial role in atherogenesis through the release of

pro-inflammatory factors (Zalewski et al., 2005; Mello et

al., 2011). Lp-PLA2 is a secreted calcium-independent

member of the phospholipase A2 superfamily. The majority

of Lp-PLA2 (about 70%) in human plasma is associated

with LDL and the remainder is associated with

high-density lipoprotein (HDL). Lp-PLA2 can hydrolyze

oxidized low-density lipoprotein (ox-LDL) to generate

lysophosphatidylcholine (lyso-PC) and oxidized fatty ac-

ids, both of which are pro-inflammatory and have been im-

plicated in atherogenesis. Zhang et al. (2006) examined the

feasibility of expressing and purifying Lp-PLA2 through in-

sect cell-baculovirus, yeast and E. coli expression systems,

using vectors encoding Lp-PLA2 with and without an engi-

neered Kozak sequence for high-level translation initiation.

The insect cell-baculovirus system yielded high-level Lp-

PLA2 expression, with the recombinant protein accounting

for up to 8% of total cellular proteins. The inclusion of the

Kozak sequence further increased this expression up to

15% of total cellular proteins. Recombinant Lp-PLA2 was

expressed at a high level in the insect cell-baculovirus ex-

pression system, and was purified in an efficient two-step

procedure. It showed good enzyme activity, and it was in-

hibited by SB435495 with an IC50 of 56.8 � 1 �M. The P.

pastoris-based system showed a lower level of expression,

but the recombinant Lp-PLA2 could be purified rapidly and

conveniently. P. pastoris-produced Lp-PLA2 also exhib-

ited correct enzyme activity, indicating that functional Lp-

PLA2 could be produced in eukaryotic expression systems.

P. pastoris-produced Lp-PLA2 could be even more conve-

niently purified, as it required only a single nickel-chelating

chromatography step for direct purification. In this case,

the recombinant Lp-PLA2 fusion protein was designed to

incorporate a C-terminal 6x His-tag to facilitate convenient

purification by affinity chromatography. Because purifica-

tion manipulation may decrease the enzyme activity and

the protein yield, the purification method employed in this

study gave an advantage over conventional multi-step puri-

fication method. In contrast, recombinant Lp-PLA2 ex-

pressed in E. coli showed no enzyme activity, indicating

that the prokaryotic expression system likely failed to

achieve correct protein processing, folding or post-trans-

lational modification. In this study, Zhang et al. (2006) de-

scribes two strategies for high-level expression or rapid

purification of Lp-PLA2. Thus, large-scale production of

recombinant Lp-PLA2 will facilitate further researches on

this enzyme, and it may aid in the development of new

drugs for the treatment of atherosclerosis. However, it does

not suggest which one is better, because it depends what are

the priorities of each research group.

Conclusion

It was found that different proteins production in P.

pastoris for diseases like diabetes, cancer, HPV, and ath-

erosclerosis achieved, in some cases, a better yield and

functionality with lower cost than other expression sys-

tems. The proteins obtain usually have a direct effect on the

diseases, but others acts like helper of another protein that

has difficulties too penetrate in tissues and cell membranes

by its own. Also, it was found that in most of these cases the

goal of every laboratory was to produce cheaper, efficient

and functional vaccines. Achieving these goals should fa-

cilitate large-scale production and purification of the pro-

tein of interest.
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